SUMMARY
Bacteria can release metabolites into the envircnment by various mechanisms. Excretion may occur by passive diffusion or by the reversal of the uptake process when the internal concentration of the metabolite exceeds the thermodynamic equilibrium level. In other cases, solutes are excreted against the concentration gradient by special extrusion systems. Their mode of ener~ coupling is different to that of the wellstudied group of uptake systems. A thorough understanding of the transport processes will help to improve the excretion of metaboli,xs of commercial interest, allow a more efficient production of metabolites in bulk quantities, and permit their exploitation to ~stablish new markets.
INTRODUCTION
For growth and survival, bacteria have to take up different compounds from the environment. These compounds (solutes) can vary from carbon, energy, nitrogen, phosphorus and sulphur sources to precursors for the biosynthesis of macromolecules. All these solutes have to pass the cell envelope of which the cytoplasmic membrane forms a highly selective barrier. Metabolism of solutes leads to the formation of intermediary metabolites and endproducts. These products of metabolism (metabolites) can be excreted into the environment if they can cross the membrane by passive diffusion, if the concentration of the metabolites in the cytoplasm increases beyond the thermodynamic equilibrium level or if specific excretion systems are active. The excretion of many metabolites by bacteria is of commercial interest and large scale fermentation processes are used for the production of bulk quantities of such metabolites. Examples are the production of the amino acids lysine and glutamate by Corynebacterium glutamicum. Commercial interest has led to attempts to enhance the rate and yield of metabolite production. In some cases, novel bacterial species or strains have been successfully applied for the enhanced production of a metabolite. The metabolic pathways which lead to the production of a metabolite are usually wellanalysed and medium conditions have been optimized to establish commercial production. The conversion of substrates to products involves several different metabolic activities (Fig.  1 ). First the substrate has to be translocated from the environment to the cytoplasm. Subsequently, the substrate has to be converted into products by one or more enzymatic reaction(s). Finally, the product has to be translocated across the cytoplasmic membrane to the external medium. Manipulation of the production of metabolites has focused mainly on metabolism. This includes the use of specific growth conditions, selection of mutants with key enzymes having altered feedback inhibition, and the control of enzyme levels by genetic techniques. Attempts have also been made to direct the metabolite flow by increasing the rate of product excretion through manipulation of the physical properties of the cytoplasmic membrane. This review describes the different mechanisms which can be involved in the translocation of solutes from the cytoplasm to the external medium. Strategies are discussed as how to manipulate these mechanisms and optimize product excretion.
MECHANISMS OF" SOLUTE TRANSPORT
Before discussing the different mechanisms involved in excretion processes, the mechanisms which can play a role in the translocation of solutes across the cytoplasmic membrane of bacteria will be described (Fig. 2) .
Passive transport
The most simple mechanism is passive transport in which solutes cross the membrane without the involvement of a specific transport protein.
All other transport mechanisms require specific integral membrane proteins. The driving force for passive transport of a neutral solute is supplied by the chemical gradient of the solute.
Primary transport systems
Primary transport systems convert chemical or light energy into electrochemical energy. Systems identified within this group are the cytochromelinked electron transfer systems such as the respiratory chains in aerobic bacteria and the cyclic electron transfer systems in phototropic bacteria [1, 2] . In most bacteria, the activities of these systems are coupled to the translocation of protons from the cytoplasm to the external media. Proton translocation leads to the formation of an electrochemical gradient of protons which is composed of a transmembrane electrical potential (At,, inside negative versus outside) and pH gradient (dpH, inside alkaline versus outside). Both the d~ and dpH exert a force on the protons, the protonmotive force (zip), which drives the protons from the outside to the inside. In equation:
in which Z equals RT/F. R, T and F represent the gas constant (8.31 J mol -t K-I), absolute temperature (K) and Faraday constant (96 500 Coulomb mol-i), respectively. In some bacteria, such as Vibrio alginolyticus, electron transfer is coupled to the translocation of Na + ions [3] . The activity of the electron transfer system then leads to the generation of a chemical gradient of Na + ions in addition to a A~, i.e. the electrochemical gradient of Na + ions:
A/~Na+ A~Na+
F F A simple primary ion-translocating system is bacteriorhodopsin. Light, absorbed by .the retinal-containing chromophore, provides the energy for uphill transport of protons [4] . Other primary transport systems are the membranebound ATPases. ATP-bydrolysis by these systems results in the translocation of solutes or ions depending on the specificity of the system. The FoF,-ATPase couples hydrolysis of ATP to the translocation of protons across the membrane [5] . The activity of this system will lead to the generation of a Ap. This only occurs when the phosphorylation potential, AGp, exceeds nap (n is the number of protons translocated per ATP hydrolysed). Since both have a negative value this means if AGp -nap < 0. dGp equals:
in which AG ° is the standard free energy of ATP hydrolysis or synthesis. The reversibility of the FoFI-ATPase permits the synthesis of ATP at the expense of Ap when AGp-nap > 0. Some FoFi-ATPases translocate Ha + ions instead of protons [6] . Other ATPases have been found to mediate the uptake of K + and Mg 2+ ions or the export of a variety of toxic ions, including Ca 2+, Cd 2", Zn 2+, Co 2+, Ni 2+, Hg :+, CrO42-, Cu 2'~ and oxyanions (arsenate, arsenite, and antimonite) [7] [8] [9] . The marked diversity of the group of transport ATPases i+ further demonstrated by the binding-protein-dependent transport systems pre-sent in Gram-negative bacteria [10] . These systems are involved in the uptake of a large variety of substrates such as amino acids, (oligo-)peptides, sugars, vitamins, anions (sulfate, phosphate, molybdate) and cations (Fe 3+, Cu2+). These complex multisubunit membrane proteins are typically composed of a periplasmic solute-binding protein and three membrane-bound components. The free energy of the hydrolysis of ATP is used to coecentrate solutes inside the cell against very large gradients (up to 105-fold). Representatives of this group have recently been found in Grampositive bacteria; the binding protein in these organisms is bound to the membrane surface by a lipid anchor [11] [12] [13] . Systems involved in the export of macromolecules like proteins and polysaccharities (see Section 4) show sequence similarity with components of the family of periplasmie permeases. The ABC (ATP Binding Cassette) superfamily of transport ATPases [10] includes many prokarytic and eukaryotic transport systems with similar global structures.
tions in the excretion of unwanted cations such as Na + and Ca 2+ at the expense of proton uptake. The second type of antiport systems mediate the coupled exchange of a substrat,-, (piccursor) of a metabolic pathway with one of the products of this pathway. Examples of these systems will be covered in this review.
Gro~(p translocation systems
Group translocation systems couple the translocation of a solute to the chemical modification of the solute resulting in the release of a modified solute at the other side of the membrane (Fig. 2) . The only group-translocation systems found up to date in bacteria are the phosphoenol-pyruvate-dependent sugar translocation systems (PTS) [16] . These systems are involved in the uptake of sugars, and consist of membranebound and soluble proteins. During the translocation process the sugar is phosphorylated and released at the inner face of the cytoplasmic membrane.
Secondary transport systems
Secondary transport systems convert one form of electrochemical energy into another form. The energy for translocation of a solute via these systems is supplied by (electro-)chemical gradients and is converted into an (electro-)chemical gradient of the solute. Three different types of secondary transport systems can be distinguished:
un~vort systems which translocate a single solute across the membrane; symport systems which mediate coupled translocation of two solutes in the same direction, and antiport systems which couple the translocation of one solute in one direction to the translocation of another solute in the opposite direction. Uniport systems are less common. A special form of uniport is the glycerol facilitator of Escherichia coli which mediates downhill influx oS glycerol. Most bacterial transport systems belong to the group of solute symport systems [14] . For instance, amino acids are often translocated by symport systems. The symported ions are usually protons, but in an increasing number of cases Na + is found to be the co-substrate [15] . Two different types of antiport systems are operating in bacteria. One type rune-
EXCRETION MECHANISMS
In principle, all the transport systems described above can function in the opposite direction and thus can play a role in the excretion of certain metabolites. Among the primary transport systems some ATP-driven transport systems are designed to excrete solutes, i.e. toxic inorganic ions [8, 9] , capsular polysaccharides [17, 18] , cyclic /3-(1 ~ 2) glucans [19, 20] , antibiotics such as erythromycin [21] and a variety of extracellular proteins (haemolysin, metalloprotease, leukotoxin and adenylate cyclase) [10, 22] . Most of the transport ATPases, however, are directed to accumulate solutes at the expense of phosphate-bond energy. With the exception of the FoF~-ATPases (see above), energetic conditions are seldom favourable for the reversed action, e.g. ATP synthesis activity. Also group translocation systems essentially only function to transport sugars into the cell, although efflu.x of free sugar by the integral membrane domain, enzyme II of PTS has been reported [23] . The main mechanisms for metabolite excretion are therefore restricted to passive or secondary transport processes. Bcforc describing these excretion systems in more detail the forces which play a role in the translocation processes have to be considered ( Fig. 3) . Passive translocation of a neutral solute A across the membrane (Fig. 3 , example 1) is driven only by the chemical gradient of A:
The process will continue until the external concentration equals the internal concentration, i.e. ; and if the driving force is negative the net driving force will be directed to the inside and no net excretion of A will occur. The third example shows an excretion process via a solute/proton symport mechanism. A neutral solute A is excreted in symport with one proton and the electrochemical gradients of both solutes supply the driving forces for this translocation process. These forces are the chemical gradient of A (A~A/F) and the electrochemical gradient of protons (A/2H÷/F).
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(mV) (6) F The driving force on the protons is directed inward and opposite to the direction of excretion. Solute excretion via this process will only occur if the net driving force is positive, i.e. conditions at which the driving force supplied by the solute gradient exceeds the driving force supplied by Ap. Solute efflux will proceed until the net driving force is zero (See eqn. 6.). For charged solutes, the equations given in Table 1 can be applied.
the fourth example (Fig. 3) concerns an antil~ort system in which the excretion of solute A is coupled to the uptake of a proton. Again the driving forces are supplied by the (electro-)chemical gradients of the transported solutes as defined in eqn. 7.
Since the inward flow of protons is coupled to the outward movement of solute A, the force on the 98 protons is directed towards the excretion of the solute. Thus, Ap directly contributes to the excretion process. This system is therefore optimally suitable for a metabolite excretion mechanism. The final example (Fig. 3 , example 5) again shows an antiport system, but now concerns a system in which the excretion of solute A is coupled to the uptake of solute B. If no net charge is translocated, the driving force of this process is supplied by the chemical gradient of both solutes and equals: Table 1 gives the general equations for the driving force for excretion according to the mechanisms discussed when either the charge of solute A and B, or the number of cotransported protons is varied. In all these examples and other systems which ca~J be conceived, excretion of solute will occur if the net driving force is positive. Excretion will continue until the net driving force is zero. These systems will work in the uptake mode when the net driving force is negative, allowing the translocation of solutes into the cell. A proper understanding of the forces involved in excretion of a metabolite therefore requires detailed knowledge about the mechanism of excretion. This includes the net charge and the number of protons (or other ions) translocated as well as quantitative information on the magnitude of the steady-state solute, electrical and proton gradients.
SPECIFIC EXCRETION PROCESSES
Passive diffusion
Fick's first law of diffusion represents the simplest possible model for the passive flux (Jmem) of an uncharged solute across the membrane (eqn. 9.) (See references [24] and [25] ). This model assumes that (i) the diffusion rate across the membrane is slow compared to the rate of diffusion in the aqueous phase, (ii) the membrane functions as a homogeneous layer; and (iii) in steady state the concentration of a solute just in the membrane is in equilibrium with the concentration of the solute in the aqueous phase and in the centre of the membrane.
(in M cm 3 S -l) (9) in which the thickness (in cm) and surface area 
The variables k, m, n and q are integers. The sign of k and m is either positive or negative depending on the charge of solute A and 13, respectively, n and q represent the number of protons co-transported. The sign of n and q is positive. 99 lution and diffusion in the lipid bilayer regions of the membrane.
Hydrophobic metabolic endproducts such as butanol, acetone and organic acids rapidly partition into the lipid membrane [26, 27] . At high concentrations, these compounds may disrupt the membrane structure and inhibit bacterial growth [28] [29] [30] . Organic acids such as acetate and lactate are excreted passively in some bacteria and carrier-mediated in others [31] . At low pH the concentration of the undissociated organic acid can become high. The undissociated form of some of these organic acids readily dissolves into the lipid membrane [27] . Partitioning of these metabolites into the membrane (See eqn. 10.) depends on the lipophilicity of the acid. The concentration in the membrane is directly related to the concentration in the cytoplasm and the external medium. The rate of passive diffusion is dependent on the transmembrane concentration gradient (eqn. 9.). By keeping the external concentration low, thereby maximizing the concentration gradient, efflux via passive diffusion can be increased. The degree of dissociation of these acids will directly depend on the internal pH. However, most bacteria keep their internal pH around neutrality and many organic acids are present in the cytoplasm mainly in their dissociated form. At low medium pH, the concentration of the undissociated organic acids in the cytoplasmic membrane can become too high and exert an uncoupling action which dissipates the Ap and leads to dissipation of metabolic energy. Such effects have for insta~lce been observed during the production of acetate and butyrate by Ciostridia species [32] [33] [34] . Some bacteria can avoid the inhibitory effects of the organic acids at low pH by directing their metabolism towards the production of organic solvents like butanol and acetone [35, 36] .
Passive fluxes are also determined by the physical properties of the phospholipid bilayer, such as acyi chain composition (G. In't Veld, A.J.M. Driessen and W.N. Konings, unpublished results) and viscosity (see eqn. 9). Coryneform bacteria are widely used for the production of glutamate and lysine [37] . Although these amino acid/production processes are of considerable industrial importance, the mechapisms of excretion remain obscure. Various mechanisms have been proposed [37] [38] [39] [40] [41] [42] . Until now, the most widely accepted mechanism for the excretion of these metabolites has been passive diffusion across the cytoplasmic membrane. The observations that excretion of glutamate by C. glutamicum [37, 43, 44] and 5'-inosinic acid [45] and NAD [46] by 8re-vibacterium ammoniagenes can be induced by various treatments which cause alterations of the bacterial membrane would be consistent with a passive diffusion mechanism. These conditions are: biotin limitation, treatment with detergents, manganese depletion, addition of penicillin and fermentation using oleic acid or glycerol auxotrophs. However, at present excretion of these amino acids is thought to occur via specific efflux transport systems (see below).
Passive diffusion of amino acids across bacterial cell membranes has extensively been studied by Driessen et al. [47] in Lactococcus lactis. The first order rate constant of passive diffusion (K-D in eqn. 9.) of several amino acids was determined in membrane vesicles of L. lactis fused with cytochrome c oxida~e-containing liposomes [48] . The steady-state level of amino acid accumulation in these hybrid membranes decreased with increasing hydrophobicity of the amino acid side chain. First-order rate constants for amino acid efflux were estimated from the initial rate of amino acid uptake and the steady-state accumulation level, and corrected for the contribution of carrier-mediated efflux. Since the membrane thickness in this experiment was equal for all amino acids tested, K-D is directly proportional to P. The hydrophobicity of the side chain [49] of the amino acids and in(K. D) are correlated linearly (Fig. 4) . Such a behaviour is as predicted for a simple passive diffusion process, and consistent with observations on the permeability of lipid vesicles for amino acids [50, 51] .
In vivo, diffusion of amino acids across tile cytoplasmic membrane can be significant. L. lact/s relies on passive diffusion as transport mechanism to satisfy the demand for proline. This organism is a proline prototroph and lacks an uptake system for proline. During growth in milk the proline requirement is met by the uptake of proline-containing peptides. Proline is released 100 within the cell as the peptides are hydrolysed by intraeellular peptidases [52] . Growth on defined media containing free amino acids as the sole nitrogen source is enly possible when proline is present at millimolar concentrations. The rate of proline uptake is a linear function of the external proline concentration (Fig. 5) . Passive fluxes of amino acids across the cytoplasmic membranes have also been observed in E. coli [53] [54] [55] [56] , Salmonelle typhimurium [57, 58] and many other bacteria [59] [60] [61] .
For the large scale production of amino acids, we must realize that excretion of amino acids by passive efflux can be counteracted by active uptake of these amino acids. A general strategy for enhancing the excretion of amino acids or other products is the elimination of the active transport systems for these compounds. This is clearly exemplified by the studies of Rancourt et al. [56] on the excretion of proline by E. coli. Proline excretion is not caused by uncontrolled biosynthesis of proline, but results rather from a process that occurs when catabolism or transport are defective. These results demonstrate that, in biological membranes, considerable leaks of hydrophobic solutes can occur. For hydrophilic solutes the passive flux across the membrane will be insignificant. This is advantageous for the organism as it would otherwise rapidly lose its metabolites.
Ion ~solute symport
The direction of a secondary transport system depends on the polarity of the driving force and thus is determined by the electrochemical gradients of the solutes transported (eqn. 6.). In case of a solute/proton symport system the driving force exerted on the protons (A/2H÷/F) is usually directed from the outside to the inside. For solutes which are metabolized within the cell, the chemical gradient of the solute (zi~A/F) is also directed to the inside. The system will therefore operate in the uptake mode. A different situation might be encountered when a metabolic intermediate or endproduct of metabolism is produced in the cell. The concentration of the product in the cell will increase and rapidly exceed the external concentration. If the transmembrane gradient of the product exceeds the electrochemical gradient of protons the product will be driven from the cytoplasm to the external medium (eqn. 11.).
zi~A + zit2H+
> 0 (mV) (11) F This situation occurs for metabolite endproducts in fermentative bacteria. During the fermentation process large quantities of endproducts are produced in the cell and these products have to leave the cell, in some cases via solute/proton symport systems.
For instance, during glucose or lactose fermentation in E. coli [62] and L. lactis [63] , the lactate produced is excreted in symport with protons. The excretion process has been studied in vivo [63] [64] [65] and in membrane vesicles [62, 66] within the pH range 5 to 8. The apparent pK of lactate is 3.08, and at high intracellular pH values essentially all lactate is in the anionic form. At high pH values the excretion process was found to be electrogenic, indicating that more than one proton is translocated per lactate anion. At low pH values lactate excretion is an electroneutral process and only one proton is translocated per lactate anion. These observations indicate that at high pH values lactate is excreted by a proton symport system with two or more protons [67] . At low pH values, lactate excretion can occur by the same transport system but with a proton lactate stoichiometry of one and by passive diffusion of the undissociated lactic acid. At low internal pH, the lactate/proton symport system could become inactivated [68] and passive diffusion is then the only available excretion pathway. Excretion of lactate in symport with prgtons leads to the generation of a Ap. This process can therefore contribute to the metabolic energy pro-!01 duction during the fermentation proces,~. These considerations have led to the 'energy recycling model' which postulates that excretion of a metabolic endproduct via an ion syrnport system may lead to the generation of metabolic energy [69] . In recent years evidence has been presented for H+-iinked carrier-mediated excretion of lactate in L. lactis [63, 66] , E. coil [62] and Enterococcus faecalis [70, 71] , and Na+-linked excretion of succinate in Selenomonas ruminantium [72] .
Carrier-mediated secretion of acetate has been suggested in Syntrophomonas wolfei [73] , Desulfovibrio desulfuricans [73] , several other sulfate reducers [74, 75] , Acinetobacter woodii [76] and some methanogens [77] . The rate of carrier-mediated excretion of metabolites via ion/solute symport systems depends on the magnitude of the driving force. Excretion rates can be increased by decreasing the zip or by increasing the chemical gradient of the solute. The latter can be realized when the external concentration is lowered by dilution, dialysis, or by a chemical or enzymatic conversion of the endproduct. Another procedure relies on the acceleration of metabolism which results in an increased intracenular concentration of the metabolite. Optimal conditions for decreasing the zip or one of its components will depend on the properties of the transport system involved. For instance, a decrease of the internal pH can drastically influence the activity of the transport system [68] . An important objection against decreasing the zip is tile possible detrimental effect on bacterial metabolism, and as a result a decreased metabolite production efficiency. Moreover, a decrease of zip can result in a lowering of all intracellular metabolite pools which are transported by secondary transport systems.
In special cases, excretion of metabolites is catalysed by the same proton/solute transport system that mediates uptake of the precursor of the metabolic pathway. The substrate specificity of these systems permits the secretion of the metabolite (or endproduct of metabolism) as its chemical gradient exceeds Ap. Phenomenologically, these systems resemble the strictly coupled solute/solute antiport systems which are described in a later section. Examples of this group of transport systems are lactose/galactose [78, 79] and malate/lactate exchange (B. Poolman, D. Molenaar, E.J. Staid, T. Ubbink, T. Abee, P.P. Renault and W.N. Konings, submitted) in lactic acid bacteria and arginine/ornithine exchange in Pseudomonas aeruginosa [119] (Table 2) . These systems are capable of heterologous exchange at rates that exceed the rate of solute uptake via the proton/solute symport mode.
Proton/solute antiport
Proton/solute antiport systems are optimally suited for the excretion of metabolites and endproducts of metabolism for reasons that under physiological conditions the driving force for metabolite transport will be directed from inside to outside. As in the proton/solute symport systems the driving force is supplied by the electrochemical gradients of the protons and the excreted metabolite. Since both solutes move down their gradients the driving forces are cumulative (for example see eqn. 7.). Even in the absence of a metabolite gradient, the existing Ap will drive the metabolite out of the cell. Conditions may prevail in which the concentration of the metabolite in the cell is lower than in the external medium.
Only a few proton/solute antiport systems are found in bacteria. H+-linked antiporters have been found for the secretion of K +, Na +, Ca 2+ [80] , and ethidium bromide [81, 82] . Uptake of NH~ in E. eoli is mediated by a unique K+/NH~ " (CH3NH~-) antiport mechanism [83] . The antibiotic tetracycline is excreted by a wide variety of bacteria [84] by an electroneutrai exchange with protons (or divalent cation-tetracycline complex/ proton antiport [85] ). Interestingly, these systems are closely related to the efflux systems for tetracycling [86] and methylenomycin A [87] in antibiotic-producing Streptomyces strains and the aminotriazole resistance determinant of 5accha-romyces cerevisiae [88] . Lysine is excreted by a specific effiux transport system in C. glutamicum (S. Br0er and R. Kr~imer, personal communications). This excretion can proceed against a chemical gradient and is driven by dp. Lysine is presumably excreted in a ,..ymport mechanism with two OH-(¢nergeticaUy equivalent to an lysine/2H + antiport mechanism). Excretion of glutamate by C. glutamict, rn is most likely ATP- driven [42, 89] . Isoleucine is presumably secreted by a Ap-dependent system [90] . Efflux of 5'-inosinic acid [91] and NAD [46] from By. ammoniagenes are thought to result from a specific energy-dependent excretion process.
Solute/solute antiport
Many microorganisms metabolize their substrates (precursors) only partially and excrete the products of the metabolism into the medium. When precursors and products are structurally related, transport of both can be facilitated by the same transport protein. A prerequisite for precursor/product antiport is the stoichiometric conversion of precursor into end-product. The driving force for precursor/product antiport is composed of the chemical gradients of the precursor and product. The Ap contributes to the process when net movement of charge and/or protons take place. The linkage of precursor and product movements assures tight coupling to the corresponding metabolism. The different precursor/product antiport systems found in bacteria are summarized in Table 2 (For recent reviews see [31, 68, 78, 80, 92, 93] ).
ARE THERE WAYS TO OPTIMIZE SOLUTE TRANSPORT SYSTEMS FOR EXCRETION?
As discussed above, proton/product antiport is the mechanism of choice for excreting metabolites. The precursor/product antiport systems of_ ten are of limited use due to requirements for structural relatedness and stoichiometric conversion of the solutes. The question arises whether other transport systems, such as proton/solute symport systems, can be modified to proton/ product antiport or uniport systems. In the latter case, the coupling of solute and proton movements has to be released. Another avenue is to change the specificity of known transport systems. Either approach requires detailed information about the function and structure of the transport systems. During recent years genes of many transport systems have been isolated and sequenced. On the basis of the hydropathy analysis, gene 103 fusions, immunological and biochemical studies, predictions have been made about the topology of proteins in the membrane. However, information about the three-dimensional structure of these proteins is not available as transport proteins have not yet been crystallized. Also mechanistic information on the actual transport reactions is scarce.
A well studied proton/solute stanport system is the lactose carrier of E. coil [94] . The effects of an extensive number of site-specific amino acid substitutions on the functional properties of the transport protein have been examined. These studies suggest that three amino acids (catalytic triad), Arg-302, His-322 and Glu-325, present in two neighbouring membrane spanning loop, are involved in the transl0cation of the proton [94] .
Until recently this was interpreted as their involvement only in H + movement. Mutants of the catalytic triad are now available which retained the ability to co-transport H + and lactose [95, 96] , and exhibit drastically lowered binding affinities for the sugar analogue nitrophenyl-a-n-galactoside [94] . An altered binding of the sugar molecule to the carrier may equally well explain the changed transport, phenotyp¢. Direct proof that the catalytic triad indeed constitutes the pathway of protons is not available. The major question of current cncrgetics is related to the mechanism by which the movements of protons and la~ose are coupled. One obvious conclusion which emerges from studies aimed to answer this question is that it will be very difficult, at least with our current knowledge, to reverse the pathway of the proton(s) thereby modifying a symport system into an antiport system. Another option is to change a proton/solute symport system into a solute (product) uniport system. Some mutants of the lactose carrier obtained by site-directed mutagenesis were found to catalyse lactose uniport [94] . Since in these mutants the movement of solute is not coupled to movement of protons, such mutants can be very attractive for mediating excretion processes.
Another form of protein-engineering which might be considered is to change the substrate (solute) spe,:ificity of available antiport systems by genetic manipulation. At this moment hardly any information is available about the nature of the amino acid residues that determine substrate specificity. Random mutagenesis protocols in combination with direct selection have been used to isolate lactose carrier mutants with altered substrate specificity. In this way, mutants have been isolated that acquired the capacity to transport maltose while the capacity to transport lactose was diminished [97] . In case of the melibiose carrier of E. coli, mutants have been isolated with altered cation-ion or sugar specificity [98, 99] .
To improve amino acid secretion, another possible approach would be to make use of what 'nature" has to offer. The vacuolar membrane of Saccharomyces cerevisiae contains at least seven different proton/amino acid antiporI systems [100,101]. These systems have a relatively low affinity for their substratc but a rather high specificity. It would be attractive to express the genes for these antiport systems in bacteria in order to enhance amino acid excretion. Another possibility is to use the bacterial excretion systems found thusfar to excrete solutes in other bacteria.
